Angiogenic markers in pituitary adenomas remain enigmatic in terms of their function in tumorigenesis, despite being upregulated by the normal physiological trigger of hypoxia. In this issue of Endocrine-Related Cancer, Shan et al. report that the novel RWD domain containing protein, RWD-containing sumoylation enhancer, is expressed in human pituitary adenomas and plays a pivotal role in regulating the hypoxia-inducible factor 1a-vascular endothelial growth factor response to hypoxia.
Introduction
The anterior pituitary is a highly vascularized gland that acts as a pivotal regulator of the endocrine system. Although pituitary pathologies are quite rare, they make up a significant number of intracranial tumors and as many as one-tenth of the human population exhibit some evidence of pituitary neoplasia at autopsy (so-called incidentalomas). Pituitary tumors are invariably benign, show slow growth, and generally do not proceed to true malignacy with extracranial metastases. Study of human normal and transformed pituitary tissue is challenging due to the anatomic location of the anterior pituitary gland, the lack of human pituitary cell culture cell lines, and the heterogeneity of pituitary cells. Tumors derived from lactotrophs lead to prolactinoma and cause hypogonadism and galactorrhea. Tumors derived from somatotrophs cause acromegaly. Corticotrophderived tumors lead to Cushing's disease, while rare tumors derived from thyrotrophs cause hyperthyroidism. Gonadotroph-derived tumors may produce gonadotrophins (LH or FSH) but are usually clinically non-functioning.
Pituitary tumorigenesis remains poorly understood as a process, although several promising candidate genes have been identified, such as pituitary tumor transforming gene (PTTG), aryl hydrocarbon receptor interacting protein (AIP), and menin (MEN1), which have been implicated in the development of pituitary tumorigenesis (Yu & Melmed 2010 , Melmed 2011 . The lack of genuine marker genes within pituitary tumors has led investigators to focus on alternative angles to improve the understanding of potential mechanisms of pathogenesis. Study of growth factor signaling and dysregulation within the intrapituitary microenvironment, as well as paracrine control of pituitary homeostasis and angiogenesis, may help elucidate unknown aspects of pituitary tumorigenesis.
Angiogenesis and hypoxia in pituitary tumors
Pathological angiogenesis is a key mechanism involved in tumor growth as well as other disorders associated with inflammation or ischemia. Many endogenous molecules are associated with an increase in angiogenesis, but the most widely investigated is vascular endothelial growth factor (VEGF). While VEGF is critical for the process of vasculogenesis and angiogenesis during development, it is clear that uncontrolled angiogenesis can exacerbate tumor progression, which makes it a tantalizing prospect for both pharmacological and immunological intervention. The biology of VEGF is complicated by the fact that there are several splice variants of the growth factor (A-E) that can each interact with one of the three VEGF-specific receptor tyrosine kinases to drive angiogenesis or related processes (Ferrara 2004) . The process of angiogenesis is, therefore, under tight control in normal physiological conditions. The major driver for VEGF production is hypoxia, a physiological scenario typically seen in cancer; this lack of oxygen stimulates the expression of hypoxia-inducible factor 1 (HIF1), a transcription factor of the basic helix-loop-helix family, which in turn increases the VEGF expression by the interaction of HIF1 with HIF1-responsive elements within the VEGF promoter.
The normal pituitary is densely vascularized allowing the regulation of pituitary cell growth and hormone secretion by hypothalamic factors, peripheral hormones, and intra-pituitary growth factors. Indeed, multiple intra-pituitary growth factors, such as epidermal growth factor, basic fibroblast growth factor (bFGF), and VEGF, are expressed at high levels within the pituitary and are implicated in pituitary tumorigenesis (Yu & Melmed 2010) .
The role of VEGF in pituitary tumorigenesis is intriguing, given that these tumors are rarely aggressive and would, therefore, appear not to rely on angiogenesis to increase the delivery of nutrients to the tumor. Indeed, the vascularization of pituitary tumors has been shown previously to be less than that of normal anterior pituitary tissue (Turner et al. 2000 , Onofri et al. 2006 . Despite this, increased angiogenesis is positively correlated with macroprolactinomas (Turner et al. 2000) , which suggests that VEGF might be related to tumor size, at least in lactotrophs, as well as to malignant transformation of pituitary adenomas, as highest levels of microvessel density are detected in rare pituitary carcinomas (Vidal et al. 2001) . In the absence of a strong correlation between pituitary tumorigenesis in general and angiogenesis (Vidal et al. 2000) , the fact that VEGFA is typically over-expressed in most pituitary tumors (Onofri et al. 2006 ) could also suggest non-angiogenic mechanisms of action.
Pituitary tumor HIF1a-VEGF pathway
The absence of correlation between HIF1a and VEGF mRNA expression in pituitary tumors reported by Kim et al. (2005) Previous studies identified a small RWD domain containing a protein called RWD-containing sumoylation enhancer (RSUME; Carbia-Nagashima et al. 2007). RSUME was identified following a screen of gp130 over-expressing GH3 somatolactotroph cells that typically generate aggressive and highly vascularized tumors when injected into nude mice (Castro et al. 2003) . The expression of RSUME was linked to hypoxia and associated with a concomitant increase in HIF1a expression (Carbia-Nagashima et al. 2007) . In a new article, published in this issue of EndocrineRelated Cancer, Shan et al. (2012) elaborate further on the role of RSUME in pituitary tumorigenesis, by demonstrating that it lies upstream of HIF1a and VEGFA expression. They show that RSUME appears to be upregulated in most pituitary adenomas, regardless of the cellular origin, and has a strong positive correlation with HIF1a expression (which itself is strongly correlated with VEGF expression). Further in vitro studies demonstrated that hypoxia or treatment with CoCl 2 increased RSUME and HIF1a expression and nuclear translocation, as well as VEGFA production in established anterior pituitary cell lines (AtT-20 corticotrophs and TtT/GF folliculostellate cells (FS)) and primary cultures of human pituitary adenomas. Through an intricate series of molecular manipulations in both pituitary cell lines and primary cultures, they confirmed that silencing of RSUME results in reduced HIF1a expression, VEGF secretion, and a diminished response to hypoxia. A proposed mechanism of action for RSUME is shown in Fig. 1 .
In support of the recent report by Luque et al. (2011) that demonstrated inhibitory effects of anti-VEGF strategies in experimental dopamine-resistant prolactinomas, these findings suggest an important role of VEGF signaling in pituitary tumor growth. Pituitary tumors may have a lower microvessel density compared with the highly vascularized normal pituitary gland, but hypoxic conditions within the tumor may still activate the RSUME-HIF1a-VEGF pathway leading to increased vascularization or more ordered microvascular geometry in order to sustain tumor growth. Pituitary tumors require an intact and sustainable vessel system for nutrient supply, also demonstrated by the fact that pituitary tumor hormone secretion often retains intact trophic control (dopaminergic suppression of prolactin secretion in prolactinomas and dexamethasone-mediated suppression of ACTH secretion in Cushing's disease). Despite the controversial data on vessel density in pituitary tumors, inhibition of the RSUME-HIF1a-VEGF activity could alter the microvascular structure supporting pituitary adenomas with growth mediators.
In parallel to changes in the vascular supply of the tumor, VEGF secretion may exhibit direct proliferative effects on pituitary tumor cells. Pituitary tumor cells express VEGF receptors such as KDR/Flk-1 (McCabe et al. 2002) and VEGF-mediated induction of cell proliferation has been described in a pituitary tumor cell line (Onofri et al. 2006) . On the other hand, VEGF may prolong pituitary tumor cell survival through induction of anti-apoptotic signaling. Thus, inhibition of direct VEGF effects on pituitary tumor cells could suppress tumor growth independently of its effects on vessel formation.
In addition to intra-tumoral VEGF secretion as an autocrine stimulus, pituitary folliculostellate cells appear to express the RSUME-HIF1a machinery and are a rich source of intra-pituitary VEGF. These enigmatic cells constitute the major group of nonhormonal pituitary cells comprising approximately 5-10% of the anterior pituitary cell mass. With their characteristic stellate shape and long cytoplasmic processes, they form an intra-pituitary cell network coupled by gap junctions capable of transmitting intercellular signals in the gland and are associated with increased cell proliferation and hormone secretion in pituitary adenomas (Gloddek et al. 1999 , Renner et al. 2009 . In this article, Shan et al. (2012) show that folliculostellate TtT-GF cells express RSUME suggesting that folliculostellate cells are exquisitely equipped to rapidly respond to local changes in oxygen concentrations to elicit RSUME-dependent production P P VEGF VEGF Figure 1 Possible RSUME-HIF1a-VEGF pathway in pituitary adenomas. RSUME, an RWD-domain containing protein with homology to ubiquitin conjugating enzyme domains, contains at least two putative JAK-STAT-sensitive tyrosine phosphorylation sites within the predicted protein sequence. Activation of these pathways, either through elevated cytokine signaling during inflammation, or during hypoxic conditions, could lead to increased RSUME expression or activity, resulting in enhanced HIF1a expression/stabilisation and subsequent transcriptional activation of the VEGF gene through HIF1a-response elements (HRE). Secretion of VEGF could then lead to autocrine/paracrine effects on cell proliferation or stimulation of angiogenesis. (P, phosphorylation site; Ub, ubiquitin). Phosphorylation site prediction from Kinasephos (http://kinasephos.mbc.nctu.edu.tw/index.php).
Endocrine-Related Cancer (2012) 19 C1-C5 www.endocrinology-journals.org C3 of VEGF. Intriguingly, FS cells are also a major site of cytokine production and action in the pituitary; given the original description of RSUME from gp130 overexpression GH3 cells (Castro et al. 2003 , CarbiaNagashima et al. 2007 , the link between cytokine signaling and RSUME activity strengthens the potential role for FS cells in mediating the RSUME response to hypoxia. Thus, hypoxia-mediated regulation of FS cell-derived VEGF secretion in the periphery of the tumors could sustain tumor growth in a paracrine manner.
Summary
In search of mechanisms elucidating the role of growth factor signaling in pituitary tumorigenesis, Shan et al. (2012) examined the role of the recently cloned RWD domain containing protein RSUME in HIFa-induced VEGF production in pituitary tumor cells. They demonstrate upregulated RSUME expression in pituitary adenomas and hypoxia-induced activation of the RSUME/HIF1/VEGF pathway, as well as RSUME siRNA-mediated suppression of these effects. Given the controversy on the role of angiogenesis in pituitary tumors, these findings expand our understanding of angiogenic mechanisms involved in pituitary tumorigenesis. Further studies are needed to examine the effects of RSUME-HIF1a-VEGF pathway blockade on autocrine and paracrine induction pathways of pituitary tumor angiogenesis and cell proliferation and, indeed, within other endocrine tumors.
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